A B S T R A C T Recent studies have demonstrated that the antidiuresis associated with intravenous (i.v.) infusion of the beta adrenergic agonist, isoproterenol (ISO), is mediated by release of endogenous vasopressin. To examine whether beta-adrenergic stimulation causes vasopressin release by a direct cerebral action, ISO was infused into the carotid artery in a dose estimated to equal the amount of catecholamine reaching the cerebral circulation in the i.v. studies. This intracarotid infusion did not alter renal or systemic hemodynamics, urinary osmolality (Uosm) or free-water clearance (CH20). Although renal perfusion pressure was maintained constant in all experiments i.v. ISO was consistently associated with a decrease in total peripheral resistance and systemic arterial pressure as cardiac output increased. To investigate whether the decrease in cerebral perfusion pressure with i.v. ISO might be responsible for vasopressin release, the carotid arteries were bilaterally constricted both above and below the carotid sinus to lower carotid perfusion pressure by a mean of 25 mmHg, a decrement comparable to that observed during i.v. ISO. Constriction of the carotid arteries above the carotid sinus did not affect Uosm or CHIo, while constriction below the sinus was associated with an antidiuresis as Uosm increased from 155±25 to 385+58 mosmol/kg (P < 0.001) and CH2o decreased from 1.20 to -0.44 ml/min (P < 0.001). This antidiuresis was not significantly different from that observed during i.v. ISO. Since these results suggested that changes in autonomic neural tone from arterial baroreceptors are responsible for vasopressin release with i.v. ISO, studies were performed in animals with denervated baroreceptors. While sham-operated animals and animals with bilateral cervical vagotomy showed a reversible antidiuresis with i.v. ISO infusion, dogs with complete denervation of arterial baroreceptors did not show a significant alteration in renal water excretion (Uosm, 187 to 182 mosmol/kg and CH0o, 0.59 to 0.74 ml/min). The results therefore indicate that ISO stimulates vasopressin release by altering baroreceptor tone rather than by a direct central or depressor effect of the catecholamine. These same baroreceptor pathways have been recently shown to be involved in the suppression of vasopressin release with norepinephrine and may well be the common pathway whereby nonosmotic stimuli control vasopressin release.
INTRODUCTION
Studies both in man (1) and in experimental animals (2) (3) (4) (5) have demonstrated that beta-adrenergic stimulation with the intravenous (i.v.)' infusion of isoproterenol (ISO) is associated with a diminution in the excretion of solute-free water. Recent observations have indicated that this antidiuresis is mediated primarily by the release of endogenous vasopressin rather than by an effect of ISO on renal hemodynamics, renal nerves, or the water premeability of the renal tubular epithelium (6) . The mechanism whereby this beta-adrenergic agonist causes the release of vasopressin has, however, not been elucidated.
Since both adrenergic and cholinergic agents have been observed to affect the activity of neurosecretory cells in the posterior pituitary (7) , it is possible that ISO affects vasopressin release by a direct action on the neurohypophyseal-hypothalamic tract. Alternatively, since the i.v. administration of ISO is associated with alterations in systemic hemodynamics (6) , changes in cerebral hemodynamics, such as a decrease in cerebral arterial pressure, could stimulate vasopressin release. 1Abbreviations used in this paper: CH20, free-water clearance; FF, filtration fraction; GFR, glomerular filtration rate; ISO, isoproterenol; i.v., intravenous; PAH, p-aminohippuric acid; RVR, renal vascular resistance; Uosm, urinary osmolality. The changes in systemic hemodynamics that occur during the infusion of i.v. ISO could also affect vasopressin release by altering baroreceptor or volume receptor neural tone and thereby decrease parasympathetic afferent stimulation to the central sites of vasopressin release. The present study was undertaken to investigate whether any of the above mechanisms are responsible for the increased release of vasopressin during betaadrenergic stimulation with i.v. ISO. The results of the present studies did not provide evidence for a direct effect of either the catecholamine or cerebral arterial pressure on vasopressin release. The results, however, did indicate that a change in baroreceptor neural tone is primarily responsible for the antidiuresis associated with the i.v. infusion of ISO.
METHODS
30 experiments were performed in 19 mongrel dogs of either sex weighing [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] kg. Food was withhetd from these animals for 18 h before study, but water was allowed ad lib. On the day of study the animals were anesthetized with i.v. pentobarbital (30 mg/kg), intubated, and ventilated with a Harvard respirator. Light anesthesia was maintained throughout the experiment by the intermittent administration of pentobarbital. After induction of anesthesia all animals received 5 mg of deoxycorticosterone acetate in oil intramuscularly. A solution of 2.5% glucose and water was then infused through a catheter in a foreleg vein at 20 ml/min for 50 min during which time the following surgery was performed. Polyethylene catheters were placed in both ureters and renal veins through bilateral flank incisions by a retroperitoneal approach. In 11 animals an adjustable Blalock clamp was placed around the aorta above the origin of both renal arteries. In all animals a catheter was inserted into the aorta via the brachial artery for the continuous measurement of arterial pressure with Statham transducers (Statham Instruments, Inc., Oxnard, Calif.) and a direct writing Gilson recorder (Gilson Medical Electronics, Inc., Middleton, Wis.). In the animals with the Blalock clamp around tlle aorta, the arterial pressure was also measured in the aorta below the clamp via a catheter inserted in the femoral artery. In the animals which received ISO, a catheter was inserted into the right atrium via the jugular vein to inject indocyanine green dye for determination of cardiac output by the dye-dilution method using methods and (PAH) to maintain blood levels of these at 0.5 ml/min. In some animals Hoffman screw-clamps substances between 15 and 25 and 1 and 3 mg/100 ml, rewere placed around both carotid arteries either immedi-spectively. After 1 liter of 2.5% glucose and water had ately below or above the region of the carotid sinus to been infused, the rate of the infusion was decreased to 4 allow lowering of cerebral arterial pressure. When the ml/min above urine flow. After completion of surgery clamp was placed below the level of the carotid sinus, it an additional 600-1,000 ml of 2.5% glucose and water was was above the level of the thyrocarotid junction. In these administered over 60-90 min, then the infusion rate was animals a 25-gauge catheter was threaded above the screw-decreased again to 4 ml/min above urine flow. Several clamp to record cerebral perfusion pressure. In animals in animals with denervated baroreceptors did not have a water which the screw-clamp was placed below the carotid sinus, diuresis and therefore were not used in the study. Table II. the cerebral circulationi during previous studies in which i.v. ISO was associated with a decrease in renal water excretion (6) . Three to five control periods were collected and then the ISO infusion into the carotid artery was started. After an equilibration period of 30 min, three to five experimental urine collections were made. The infusion of ISO was then discontinued and after an equilibration period of 20-30 min, three to five postcontrol urine collections were made. Decreased carotid arterial pressure. After three to five control urine collections, pressure in the carotid arteries was bilaterally decreased by adjusting the screw-clamps which were situated either above or below the carotid sinus. Except that the drug was infused into a peripheral vein rather than the carotid artery, the experimental protocol was the same as in the studies with intracarotid infusion of ISO. Arterial perfusion pressure to the kidneys was maintained constant throughout the experiment by adjustment of the suprarenal aortic clamp.
The analytical procedures and calculations used in the present experiments have been referred to elsewhere (9 Table I for abbreviations.   860 Berl, Cadnapaphornchai, Harbottle, and Schrier
tration rate (GFR), filtration fraction (FF), renal vascular resistance (RVR), free-water clearance (CHo2), and urinary osmolality (Uosm). RESULTS luItracarotid ISO studies (Table 1) . These studies were performed to examine whether an increase in carotid arterial concentration of ISO, similar to that estimated to occur during previous i.v. studies (6) , is associated with an effect on renal water excretion in the absence of significant changes in systemic hemodynamics. In these studies a small but not statistically reversible increase in cardiac output occurred and systemic arterial pressure was not significantly changed. These results suggested that there were no significant systemic hemodynamic effects of the drug when it was infused into the carotid artery over the dosage range (0.004-0.009 Lg/kg per min) used. The mean values for the six experiments including effects on renal hemodynamics and electrolyte and water excretion are shown in Table I . The intracarotid administration of ISO did not significantly alter GFR, RVR, or FF, nor was it associated with any changes in electrolyte excretion. Uosm increased slightly but significantly from 68±6 to 80±7 mosmol/kg H20 during ISO infusion, but did not decrease significantly after cessation of the infusion. Similarly, CHa2o decreased slightly during the infusion of ISO but did not return to the control level after the infusion was discontinued.
Decreased carotid arterial pressure studies (Table II , Fig. 1 ). In order to examine whether decreases in carotid arterial pressure, such as occur during the i.v. administration of ISO, are associated with any changes in renal water excretion, carotid arterial pressure was decreased bilaterally by adjusting Hoffman screw-clamps. In the first group of animals, the screw-clamps were placed above the carotid sinus. The mean values for the six experiments including effects on renal hemodynamics, electrolyte and water excretion are shown in Table II A. There were no significant changes in systemic arterial pressure as carotid arterial pressure was decreased from 142+10 to 117±11 mmHg (P < 0.001) and then increased to 136±11 mmHg (P < 0.005). This maneuver was not associated with any significant or reversible alterations in GFR, RVR, FF, or electrolyte excretion. There was no evidence for a direct effect of decreased carotid arterial pressure to release vasopressin as Uosm was 78±6 before, 73+5 during, and 80±5 mosmol/kg H20 after bilateral carotid constriction, respectively. CH20 was 2.93±0.30, 3 .26+0.24, and 3.12±0.21 ml/min during the same periods.
The mean values for the five experiments in which the carotid arteries were constricted below the carotid sinus are shown in Table II B. In these experiments as carotid arterial pressure was decreased from 147±2 to 122±2 mmHg (P < 0.001) and increased to 140±5 (P < 0.01 ), systemic arterial pressure increased from 153±3 to 180+5 mmHg (P < 0.005) and decreased to 147±7 mmHg (P < 0.025) after the carotid constriction was released. This maneuver did not significantly alter GFR; however, RVR and FF increased significantly with carotid constriction and decreased to control levels when the constriction was released. Decreased carotid arterial pressure was not associated with any significant changes in urinary sodium or potassium excretion. In spite of the significant increase in renal perfusion pressure, Uosm increased from 155±25 to 385+58 mosmol/ kg H20 (P < 0.001) with carotid constriction below the carotid sinus and decreased to 194±39 mosmol/kg H20 (P < 0.01) when the constriction was released. At the same time, CH2o decreased from 1.20±0.28 to -0.44± 0.12 ml/min (P < 0.001) then increased to 0.90±0.33 ml/min (P < 0.001). The different effects of bilateral carotid artery constriction above and below the carotid sinus on renal water excretion are plotted in Fig. 1. i.v. ISO studies (Tables III-V and Fig. 2 ). These studies were performed to examine whether intact cervical parasympathetic pathways are necessary for demonstration of the antidiuretic effect of i.v. ISO. The results of all experiments in sham-operated animals including systemic and renal hemodynamics and electrolyte and water excretion are shown in Table III (1) (2) (3) (4) (5) (6) (11) (12) (13) . In both man and animals alpha-adrenergic stimulation with i.v. norepinephrine is consistently associated with a water diuresis (5, (11) (12) (13) while beta-adrenergic stimulation with i.v. ISO is associated with an antidiuresis (1, 2, 4, 6 ). These opposing effects of beta-and alphaadrenergic stimulation on water excretion have been dissociated from changes in renal perfusion pressure, filtration rate, renal innervation, and solute excretion and are not observed in animals in which the source of release of vasopressin from the posterior pituitary has been removed (6, 11) . Therefore, although some in vitro studies suggest an interaction between the effect of catecholamines and vasopressin on osmotic water movement and intracellular concentrations of 3'5'-adenosine monophosphate (cyclic AMP) (14, 15) , the predominant in vivo effect of catecholamines on water excretion appears to be mediated by alterations in the endogenous release of vasopressin.
The present studies were undertaken to investigate the mechanism whereby beta-adrenergic stimulation with ISO stimulates the release of vasopressin. Since catecholamines have been shown to influence neurosecretory activity of cells in the supraoptic nuclei of the hypothalamus (7), the possibility existed that the effect of ISO to increase vasopressin release was a direct intracerebral effect. Such a conclusion could not, however, be drawn from previous studies during the i.v. infusion of ISO because of the concomitant alterations in systemic hemodynamics which occurred in these studies (6) with carotid sinus denervation. Mloreover, Perlmutt (16) observed an antidiuresis only when the carotid artery Nras occluded below the thyrocarotid junction and he observed no effect when the carotid artery was occluded between the thyrocarotid junction and the carotid sinus. Studies were therefore performed to examine whether lowering cerebral arterial pressure by constricting both carotid arteries above the level of the carotid sinus, and thus above the level of the known extracerebral baroreceptors, was associated with an alteration in urine flow in animals undergoing a water diuresis. The degree of constriction was such that the arterial pressure above the carotid constriction was decreased to a level comparable to that observed during beta-adrenergic stimulation during i.v. ISO administration. This mzanieuver was not associated with an alteration in either Uosmii or the rate of solute-free water excretion. These results are compatible with our recent observation that increasing cerebral perfusion pressure in animals with denervated baroreceptors by a pump-perfusion method was not associated with an effect on renal water excretion (21), even though the carotid arterial pressure was increased by the same magnitude observed during the norepinephrine-induced water diuresis (11) .
In contrast to the results of carotid constriction above the sinus, the same degree of bilateral constriction below the carotid sinus (but well above the thyrocarotid junction) was found in the present study to be associated with an antidiuretic response which was similar to that observed during the i.v. infusion of ISO. The lowering of perfusion pressure to the carotid sinus was also associated with a substantial increase in systemic arterial pressure. Since this increase in arterial pressure could have initiated a reflex at the level of the aortic arch which might have suppressed rather than stimulated the release of vasopressin, these studies were performed in vagotomized animals to avoid such opposing parasympathetically mediated messages. Although the increase in renal vascular resistance which occurred in these experiments could have contributed to the observed antidiuresis, the increase in renal arterial pressure would have opposed this effect and by itself tended to blunt any antidiuretic response (22) . Since these effects of carotid constriction below the carotid sinus on systemic arterial pressure and renal hemodynamics were probably sympathetically mediated, these results support our previous conclusion that the effect of alphaadrenergic stimulation on renal water excretion is mediated primarily by suppression of vasopressin (11) . More specifically, although systemic alpha-adrenergic stimulation probably predominated in the present studies during carotid constriction below the carotid sinus and systemic beta-adrenergic stimulation predominated during the i.v. infusion of ISO, the effect on renal water excretion was the same in both instances. These simiiilar effects on water excretioin presumably resulted from the fact that the chanige in arterial pressure at the level of the carotid baroreceptors wvas the same in both circumstances. If an intrarenal effect on renal henmodynamics or an interactioni with the action of vasopressin oni renal tubular water permeability were the predominant pathway wlhereby alpha-and beta-adrenergic stimulation affect water excretioln, theni opposite rather than simiiilar effects onl water excretioni would have heeni expected during the carotid constriction and i.v. ISO studies.
These present results thus suggest that the capacity of heta-adrenergic stimiiulation to increase vasopressin release was miiediated l)rimarily by the effect of i.v. ISO oni systemiic hemodynalilics and baroreceptor neural tone.
The previous observation that i.v. prostaglandin El, aLlthough not a beta-adrenergic agonist, l)roduced similar effects as ISO on systemic hemodynamics, vasopressin release, and water excretion (23) is also compatible xvith this interpretation. More definitive studies were, however, necessary before concluding that the capacity of beta-adrenergic stimulatioln to increase vasopressin release was baroreceptor-mediated. In the present study neither cervical sham-operation nor bilateral cervical vagotomy abolished the antidiuretic effect of i.v. ISO. This antidiuretic effect of i.v. ISO, however, was abolished by a combination of bilateral cervical vagotomv and carotid sinus denervation. It thus seems that denervation of the cardiac, aortic arch, and carotid sinus baroreceptors is sufficient to abolish the capacity of betaadrenergic stimulation to increase vasopressin release. Taken together, the findings in our present and previous studys (21) support the tentative hypothesis that many nonosmotic stimuli which alter vasopressin release may be miiediated by changes in arterial baroreceptor tone. Further studies are, however, necessary in other situations that involve alterations in volume status, stress, and administration of other drugs. In this regard. we have recently found that nicotine does not directly stimulate the release of vasopressin but rather also seems to increase vasopressin release by altering baroreceptor neural tone (24) .
